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On the influence of baseline startle reactivity on the indexation
of prepulse inhibition
Abstract
Prepulse inhibition (PPI) of the startle reflex refers to the reduction of the reflexive startle response to an
intense pulse stimulus when its presentation is shortly preceded by a weak prepulse stimulus. PPI is
considered as a cross-species translational model of sensorimotor gating, and deficient PPI has been
reported in a number of neuropsychiatric disorders. Although a part of the literature is based on the
assumption that PPI is independent of the baseline startle reaction, there is accumulating evidence
(Csomor et al., 2006; Sandner & Canal, 2007; Yee, Chang, Pietropaolo, & Feldon, 2005) that argues
against such an independency. The authors systematically investigated whether PPI indexed as
percentage or difference score is dependent on the magnitude of baseline startle reactivity in healthy
human volunteers and in C57BL/6 mice. The results revealed that both indexations of PPI were affected
by the magnitude of the baseline startle. The authors highlight the pitfalls of different methods to index
PPI, especially when startle reactivity differs considerably between groups under comparison, and offer
practical recommendations to satisfactorily deal with such baseline differences.
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ABSTRACT 
Prepulse inhibition (PPI) of the startle reflex refers to the reduction of the reflexive startle 
response to an intense pulse stimulus when its presentation is shortly preceded by a weak 
prepulse stimulus. PPI is considered as a cross-species translational model of sensorimotor 
gating, and deficient PPI has been reported in a number of neuropsychiatric disorders. 
Although a part of the literature is based on the assumption that PPI is independent of the 
baseline startle reaction, there is accumulating evidence (Csomor et al. 2006; Sandner and 
Canal 2007; Yee et al. 2004, 2005) which argues against such an independency. We 
systematically investigated whether PPI indexed as percentage or difference score is 
dependent on the magnitude of baseline startle reactivity in healthy human volunteers and in 
C57BL/6 mice. The results revealed that both indexations of PPI were affected by the 
magnitude of the baseline startle. We highlight the pitfalls of different methods to index PPI, 
especially when startle reactivity differs considerably between groups under comparison, and 
offer practical recommendations to satisfactorily deal with such baseline differences. 
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INTRODUCTION 
Prepulse inhibition (PPI) refers to the attenuation of the reflexive startle reaction towards 
an intense pulse stimulus when its presentation is shortly preceded by a weak prepulse 
stimulus (Graham 1975; Hoffman and Ison 1980). According to the “protective hypothesis” 
of Graham (1975, 1980, 1992), the inhibitory effect of the prepulse upon subsequent pulse 
processing reflects the protection of the on-going processing of the antecedent prepulse 
against interference by the succeeding pulse. This is commonly considered as a form of 
sensorimotor gating. Deficient PPI has been observed among a number of psychiatric 
conditions that are characterized by a general failure or deficiency in filtering out intrusive 
sensory information, for example in schizophrenia (Braff et al. 2001a; Ludewig and 
Vollenweider 2002), schizotypal personality disorder (Cadenhead et al. 1993), obsessive 
compulsive disorder (Hoenig et al. 2005), and Tourette's syndrome (Castellanos et al. 1996). 
 
Numerous methods have been applied in the past to quantify PPI, i.e. the magnitude of the 
diminution of the startle response to the pulse stimulus due to the antecedent prepulse 
stimulus (Blumenthal et al. 2004). The most commonly used method for the calculation of 
PPI magnitude involves the relative (or proportional) quantification of startle reduction caused 
by the prepulse with respect to baseline (pulse-alone) startle amplitude. Most often relative 
PPI is indexed as the percent reduction of the startle amplitude (%PPI) in trials containing a 
prepulse (prepulse-pulse trials) relative to those trials without a prepulse stimulus (pulse-alone 
trials). Another widespread method to quantify PPI is to calculate the absolute difference 
score between the startle amplitude on pulse-alone trials and prepulse-pulse trials. In any case, 
the interpretation of PPI offers a special challenge, whenever a baseline startle reactivity 
difference exists between groups, for example by an intervention that by itself can cause 
significant change in startle reactivity. Consequently, changes in PPI with concomitant 
changes in startle amplitude cannot be directly interpreted as a change in sensorimotor gating 
per se (Braff et al. 2001b; Swerdlow et al. 2000). 
 
Blumenthal and coworkers (2004) compared several methods to quantify PPI and 
concluded that a proportional measure, in which the amount of inhibition is expressed 
relatively to the individuals’ baseline startle reactivity (i.e. %PPI), is from a statistical as well 
as a conceptual standpoint the method of choice to index sensorimotor gating. This conclusion 
was based on the observation that the proportional measure was the method of PPI indexation 
that correlates the least with the individuals’ baseline startle reactivity. Indeed, %PPI is often 
 
referred to as being independent of the magnitude of the startle reaction as many studies have 
reported the absence of such a significant correlative relationship between baseline startle 
amplitude and %PPI. In a study conducted in mice, Ison et al. (1997) could not detect a 
systematic variation of %PPI between subjects exhibiting either low or high baseline startle 
reactivity and therefore concluded that individual differences in the magnitude of the startle 
reflex have little consequence on %PPI. Furthermore, there are reports showing that 
differences in %PPI, despite concomitant changes in baseline startle amplitude, remained 
significant when the startle amplitude was included as a covariate in covariance analysis and 
therefore the significant effects seen in %PPI could not be solely explained by the observed 
difference in baseline startle amplitude (Aasen et al. 2005; Duncan et al. 2003; Frankland et 
al. 2004; Vollenweider et al. 2006; Weike et al. 2000; Yee et al. 2004). Such findings led to 
the widespread assumption that percent change from baseline startle (i.e. %PPI) can correct 
for imbalance between groups with respect to the magnitude of the startle reaction. In 
contrast, absolute difference score PPI seems to be strongly related to the magnitude of the 
startle reactivity, as indicated by the high positive correlation between startle reactivity and 
difference score PPI, accounting up to 99% of the variance (Blumenthal et al. 2004; Ison et al. 
1997; Schwarzkopf et al. 1993). 
 
Braff et al. (2001b) concluded that both percent inhibition and difference score have their 
appropriate uses, and can be utilized together to obtain a full assessment of PPI. Similarly, it 
has been stated that %PPI and PPI based on the absolute difference score may provide 
complementary information (Schwarzkopf et al. 1993). However, these two methods of PPI 
indexation can lead to divergent results, if the baseline startle reactivity differs between 
groups (Karper et al. 1995; Yee et al. 2004; Yee et al. 2005) [also see the results of the present 
study]. Moreover, these two commonly used indexations of PPI show a divergent dependency 
on baseline startle reactivity (Blumenthal et al. 2004; Ison et al. 1997; Schwarzkopf et al. 
1993). Thus, the above statements by Braff et al. (2001b) and Schwarzkopf and coworkers 
(1993) seem paradoxical. 
 
We have recently shown a dependency of PPI on the intensity of the startle eliciting 
stimulus in humans (Csomor et al. 2006) and in mice (Yee et al. 2005). %PPI under low 
startle eliciting stimulus conditions was more prominent compared to %PPI measured on 
pulse conditions of higher intensity. In the context of the present report, it is of great 
importance to note that a more intense startle eliciting stimulus also enhances the startle 
 
reaction and therefore an indirect relationship between startle reactivity and %PPI can be 
expected. Moreover, although many studies do not find a significant correlation between 
startle reactivity and %PPI, there are indeed positive findings for such a dependency, although 
the correlations explained only a limited proportion of the variance (Blumenthal et al. 2004; 
Ison et al. 1997; Yee et al. 2005). Nevertheless, based on the data from animal studies 
Sandner and Canal (2007) suggested a neural network model of sensorimotor gating in which 
%PPI decreased with increasing startle amplitude, and a similar model has been proposed by 
Schmajuk and Larrauri (2005). 
 
The influence of startle reactivity on sensorimotor gating is of the greatest importance, 
especially when startle reactivity as such is significantly modified by the treatment of interest, 
or severely altered in the patient group under investigation. In contrast to other intensively 
studied parameters in PPI, such as lead stimulus interval (Hoffman and Ison 1980), stimulus 
modality (Koch 1999), prepulse intensity (Blumenthal 1995; Graham and Murray 1977), 
pulse-alone intensity (Csomor et al. 2006; Yee et al. 2005), and the effect of background noise 
level (Blumenthal et al. 2006; Flaten et al. 2005), the impact of baseline startle reactivity on 
PPI is less understood, and the independence of the two measures remains to be directly 
tested. 
 
The aim of the present study was to systematically investigate whether PPI is dependent on 
the baseline startle reactivity. Moreover, we also suggest how to deal with baseline 
differences in startle reactivity, and point out the pitfalls of different methods to index PPI in 
the presence of such a baseline startle difference. In contrast to the study of Blumenthal et al. 
(2004) in which such a potential dependency was investigated using a correlational approach, 
we here compared PPI between two groups of healthy human volunteers differing 
considerably in their baseline startle reactivity. To this end, human subjects participated in 
two separate experimental sessions. In the first session, only pulse-alone stimuli of a wide 
range of intensities (75-115 dBA) were presented, thus allowing us to identify the startle 
characteristics of each individual. This data set served as a basis for the formation of two 
distinct subgroups differing considerably in their startle reactivity profile. PPI was then 
measured and compared between the two groups in a subsequent (second) test session. In 
addition, a very similar analysis of the data was conducted in a data set derived from an 
earlier study conducted in mice, and the outcomes were compared with the results of the 
human experiment. 
 
 EXPERIMENT 1 (Human Subjects) 
METHODS AND MATERIALS 
Subjects 
Fifty-five healthy male volunteers participated in the present experiment. All subjects gave 
their informed written consent and were without a history of mental and neurological 
disorders. To ascertain the subjects’ mental status, all subjects were screened by the DIA-X 
diagnostic expert system (Wittchen and Pfister 1997), a semi-structured psychiatric interview 
and the Hopkins Symptom Checklist (SCL-90-R) (Derogatis 1977). They all were free of 
medication at the time of testing, and negated the use of illicit drugs, which was confirmed by 
urine toxicology on both test days. None of the participants had a family history of a 
psychiatric disorder amongst their first-degree relatives. Subjects were instructed to abstain 
from drinking alcohol for at least 24 hours before each test session, not to drink any caffeine-
containing beverages on the day of testing, and to keep their usual smoking habits. Smoking 
was not allowed from one hour prior to the recording session. Hearing was evaluated in all 
subjects, using a standard computerized whispered voice test (for a review see (Pirozzo et al. 
2003). No subjects were excluded due to hearing difficulties. Two volunteers were excluded 
due to poor EMG signal quality and one subject was excluded because no distinct startle 
reaction towards the most intense pulse stimulus could have been elicited (non-responder, 
startle amplitudepulse115dB<10 μV). Moreover, the data from one subject was not included in 
the analysis due to non-participation in the second test session. Subject demographics and 
SCL-90 ratings from the remaining 51 volunteers are summarized in Table 1. The study had 
been approved by the Ethics Committee of The Swiss Federal Institute of Technology Zurich 
(ETH Zurich). 
 
Experimental Design 
The subjects participated in two test sessions, 14 to 18 days apart. The data derived from 
the first session comprised pulse-alone trials only (see session definition) served as a basis for 
the stratification of the subjects into low and high startlers. PPI was then assessed in the 
second test session and comparison between the two groups was performed using different 
methods to index the magnitude of PPI. 
 
 
Apparatus & Data Recording 
Electromyographic (EMG) recording was performed in a sound-proof EEG-room. The 
subjects were first informed that the experiment was intended to investigate simple blink-
reflexes in the presence of a broadband white noise to be delivered via headphones and that 
the stimuli themselves were not associated with any health risk to their hearing. They were 
then asked to sit comfortably in a chair, to relax and stay awake while looking at a blank wall 
approximately 2 m away. 
Acoustic startle stimuli were generated by EMG-SR (San Diego Instruments, San Diego, 
CA, USA) and presented binaurally through headphones (TDH-39-P, Maico, Minneapolis, 
MN, USA). The orbicularis oculi EMG was measured using the ActiveTwo system (Biosemi, 
The Netherlands). All electrodes were active silver/silver-chloride electrodes. Two electrodes 
were placed below the right eye over the orbicularis oculi muscle to measure eye-blink 
activity and the reference electrode was placed on the glabella. All electrode offsets were 
below 25 µV. The system recorded continuously over the whole session using a sampling rate 
of 4096 Hz. Analyzer (Brainvision, Germany) was used to pre-process the recorded data. The 
two electrodes located over the orbicularis oculi muscle were referenced bipolarly, resulting 
in a single EMG channel. EMG activity was band-pass filtered (30–500 Hz), down-sampled 
to 1000 Hz to reduce the amount of data and rectified. Segmentation was performed from 50 
ms prior to the onset of the relevant stimulus (the prepulse in prepulse-pulse and prepulse-
alone trials, and the pulse in pulse-alone trials) to 450 ms after stimulus onset. The segmented 
data were exported for quantitative analysis. 
 
Session Definition 
Session 1: The test session was composed of pulse-alone trials of nine different levels of 
intensities ranging from 75 to 115 dBA in steps of 5 dB and additional trials in which no 
discrete stimulus other than the constant background noise was presented (denoted hereafter 
as ‘ns trials’). Pulse stimuli and background noise employed in the experiment consisted of 
broadband white noise. The background noise was set at 70 dBA. All stimuli were 40 ms in 
duration, and rise and fall time of the stimuli were less than 1 ms. The session began with a 2-
min period of acclimatization to the background noise, followed by the presentation of 80 
discrete trials (each stimulus type was presented eight times) according to a variable inter-trial 
interval (ITI) with a mean of 12 s (ranged from 8~16 s). The sequence of presentation was 
randomised. The entire test session lasted for approximately 20 min. 
 
 
Session 2: The test session was composed of a mixture of pulse-alone trials, prepulse-pulse 
trials, prepulse-alone trials, and ns trials. All stimuli and the background noise consisted of 
broadband white noise. The background noise was set at 70 dBA. There were three levels of 
pulse intensity (95, 105, and 115 dBA) and two levels of prepulse intensity (78 and 86 dBA). 
All pulses were 40 ms in duration, and prepulses were of 20 ms duration. The stimulus onset 
asynchrony (SOA) between the prepulse and pulse stimuli on prepulse-pulse trials was 120 
ms. The session began with a 2-min period of acclimatization to the background noise, 
followed by the presentations of 99 discrete trials according to a variable ITI with a mean of 
12 s (ranged from 8~16 s). The session began with three consecutive pulse-alone trials (one at 
each of the three possible intensities) which were not taken into account in the statistical 
analysis as these trials served to stabilise the subjects’ startle response. Eight blocks of 
intermixed trials formed the remaining 96 trials. Each block comprised 12 trials: three pulse-
alone trials, two prepulse-alone trials, six prepulse-pulse trials (one of each possible prepulse-
pulse combination), and one ns trial. The sequence of presentation within each block was 
randomised. The entire test session lasted for approximately 23 min. 
 
Response Scoring 
The EMG record of each and every trial was separately scored using the WindowsTM based 
software emgBLINK version 1.2 (CST, Switzerland). Before scoring the EMG was smoothed 
with a time constant of 5 ms. Baseline value was calculated by the mean response amplitude 
of the first 50 ms before any stimulus onset. Stimulus response amplitudes were scored as 
peak response sample between stimulus onset (pulse in pulse-alone and prepulse-pulse trials, 
prepulse in prepulse-alone trials) to 150 ms after stimulus onset minus the baseline value of 
the respective trial. Response amplitudes on ns trials were scored as the peak response sample 
between 51 and 201 ms minus baseline value of the respective trial. Every trial was also 
examined for sign of spontaneous eye-blinks in the scoring windows, and other possible signs 
of corrupted EMG signal, and if present the trial was excluded. 
 
Statistical Analysis 
All statistical analyses were conducted using the statistical software Statistica 7 (Statsoft 
Inc., OK, USA). To test whether the level of PPI is dependent on the magnitude of the 
baseline startle reaction, subjects were stratified into two groups differing considerably in 
their startle reaction as described below. PPI expressed as percent inhibition and by the means 
of absolute difference score was then compared between the two groups. 
 
The distribution of the startle data in all stimulus conditions was highly positively skewed 
(pShapiro-Wilk W <0.001 for all conditions) in both sessions and this was further accompanied by 
a significant heterogeneity of variance between the two groups (Levene’s test for 
homogeneity, p<0.05). Even though parametric analysis of variance (ANOVA) can tolerate 
deviations from the normality assumption, enhanced compliance to it, which often also results 
in homogeneity of variance, improves considerably statistical power (Bland and Altman 1996; 
Levine and Dunlap 1982). After ln-transformation, startle amplitudes did not deviate 
significantly from normality (pShapiro-Wilk W >0.05 for all conditions) and homogeneity of 
variance (Levene’s test for homogeneity, p>0.05). In contrast, %PPI was negatively skewed 
in all prepulse-pulse conditions (pShapiro-Wilk W <0.05 for all conditions). While the calculation 
%PPI was based on non-transformed startle data, absolute difference score PPI was calculated 
once using the ln-transformed startle data and once with the use of the non-transformed data 
(see below). 
 
The segregation of subjects by reactivity to pulse stimuli: The startle amplitude data 
derived from session 1 which consisted of pulse-alone stimuli of a wide range of stimulus 
intensities (ns to 115 dBA in steps of 5 dB) served as the basis for the stratification of the 
subjects into low or high startle reactivity subgroups. To achieve two distinct groups differing 
in their reactivity across a wide range of pulse stimulus intensities, the area under the curve 
(AUC) derived from the startle amplitudes towards all pulse stimulus intensities (ns to 115 
dBA) was calculated. The AUC was approximated by summing the area of the trapezoids 
defined by pairs of data points (x: 0-9, y: startle reactivity elicited by stimulus intensities 
ranging from ns to 115 dBA) derived from the ln-transformed startle amplitudes. Then the 
subjects were split into three equal-sized groups (n=17) according to their individual AUC 
value (low, middle and high startle group). To achieve a distinct separation of the two groups 
considerably differing in their startle reactivity, the middle group was excluded from 
subsequent between-group analysis. Further analysis revealed that no change in group 
composition was observed when the sum of the startle amplitudes elicited by the pulse stimuli 
ranging from ns to 115 dBA was used as an alternative approach to benchmark the subjects’ 
overall startle reactivity. 
 
Pulse- and prepulse-elicited reaction:  For the analysis of session 1, the mean startle 
reactivity to each of the nine pulse stimuli of increasing intensity (75 – 115 dBA) and the 
baseline reactivity level obtained on ns trials were calculated for each subject based on the ln-
 
transformed startle data. The differential startle characteristics of the two groups were 
investigated using a repeated measures ANOVA with the within-subject factor pulse stimulus 
intensity (10 levels: ns – 115 dBA). Dunnett’s test was used to determine the pulse stimulus 
intensities which led to a significant change in startle response compared to the ns condition. 
The analysis of the startle reactivity in session 2 was based on pulse-alone trials presented 
in the eight blocks of the test session, intermixed with other trial-types. The mean startle 
reactivity (ln-transformed) to each of the three pulse stimulus intensities was calculated for 
each subject. The mean reactivity score obtained on ns trials was also calculated and included 
as the baseline control condition in a repeated measures ANOVA with four levels (ns, 95, 
105, 115 dBA). Prepulse elicited reactivity (PPER) was analysed similarly based on the data 
obtained on prepulse-alone trials using a repeated measures ANOVA with three levels (ns, 78, 
86 dBA). 
 
Prepulse inhibition: The indexations of PPI, i.e. the reduction in pulse-induced startle 
reaction on prepulse-pulse trials relative to the reaction in the pulse-alone trials, were 
calculated by two different methods: (1) Proportional (percentage) reduction of the startle 
amplitude (%PPI) based on the non-transformed startle amplitude data by the formula [1 – 
R(prepulse-pulse) / R(pulse-alone)] × 100%, where “R” denotes the individual mean peak 
amplitude of the startle reaction. (2) Absolute difference score PPI by subtracting the peak 
amplitude elicited by prepulse-pulse trials from the amplitude elicited by the respective pulse-
alone trials (i.e. [R(pulse-alone) – R(prepulse-pulse]). Absolute difference score PPI was 
calculated on the basis of non-transformed (PPIabs) and ln-transformed (PPIabsLN) startle 
amplitude data separately. The analysis of PPI using a 2 × 3 × 2 (group × pulse intensity × 
prepulse intensity) repeated measures ANOVA, although the most fitting and appropriate 
ANOVA design according to the session definition, turned out to be suboptimal for the 
analysis of the present data set, since only three out of 17 subjects of the low group exhibited 
reliable startle reaction in regard to the lowest (95 dBA) stimulus condition. However, a 
reliable startle reaction elicited by pulse-alone stimuli is a prerequisite for a meaningful 
calculation of PPI. While all subjects of both groups showed reliable startle to the 115 dBA 
pulse stimulus, five subjects of the low group did not exhibit a reliable startle reaction in 
respect to the 105 dBA pulse stimulus. Therefore, PPI was analysed by a 2 × 2 × 2 (group × 
pulse intensity × prepulse intensity) repeated measures ANOVA only including the 105 and 
115 dBA conditions, under exclusion of the five subjects lacking reliable startle towards the 
 
105 dBA pulse stimulus. Subsequently, the result was verified separately for 115 dBA 
conditions, which allowed the inclusion of all the subjects, by a repeated measures ANOVA 
with the within-factor prepulse stimulus intensity and the between-subject factor group. 
Potential linear relationship between PPI and startle reactivity was investigated by Pearson 
correlations using the startle amplitudes values derived from session 1, limited to the three 
pulse stimulus intensities used in session 2 (95, 105 and 115 dBA) for the calculation of PPI. 
The correlations were conducted separately between PPI indexed as percent inhibition or 
absolute difference scores (PPIabs, PPIabsLN) and the baseline startle amplitudes used for the 
calculation of the respective indexation of PPI. The correlations were based on the data from 
all 51 subjects, but for each pulse stimulus intensity condition only subjects exhibiting reliable 
startle towards that pulse-alone condition were included. 
Fisher’s LSD post hoc pair-wise comparison was used to examine the patterns of 
significant between-subjects factors. Due to the high number of startle vs PPI correlations (in 
total 18) examined, the significance level for Pearson correlations was set to p<0.003. For the 
other statistical tests the significance level was set to p<0.05. 
 
RESULTS 
Demographic and Neuropsychological Characteristics: 
Demographic characteristics of the low and high startle group are given in Table 1. The 
two groups did not differ in age, smoking habits or SCL-90 global indices (GSI, PST and 
GSDI). Moreover, none of the nine SCL-90 symptom scales revealed any significant 
difference between the two groups by one-way ANOVA. 
 
 
Session 1: 
Pulse reactivity: As intended, the stratification of the subjects according to their startle 
reactivity led to a highly significant difference in startle reactivity between the low and high 
groups [F(1,32)=148.76, p<0.0001]. Moreover, there was a significant main effect of stimulus 
intensity [F(9,288)=276.81, p<0.0001], and the group × stimulus intensity interaction also 
attained significance [F(9,288)=20.06, p<0.0001]. Dunnett’s test of the startle reactivity with 
the ns condition as control revealed that the low groups’ pulse reactivity was significantly 
elevated from baseline level at stimulus intensities of 95 dBA and above (all p<0.0001), 
whereas the high group already exhibited significant reaction at stimulus intensities of 75 dBA 
and above (all p<0.0001) (Fig. 1). 
 
 
Figure 1. Startle reactivity (ln-transformed) of the low (n=17) and high (n=17) startle groups obtained in the first 
test session. ‘ns’ refers to 70 dBA background noise. ‘*’ indicates significant difference in pulse-reactivity 
compared to the ns condition of the same group. Error bars refer to ± SEM. 
 
 
 
 
Session 2: 
Pulse-alone reactivity: The 2 × 4 (group × stimulus conditions) repeated measures ANOVA 
including the pulse-alone conditions of 95, 105, 115 dBA and the ns condition resulted in a significant 
main effect of group [F(1,32)=122.17, p<0.0001] and stimulus conditions [F(3,96)=279.76, p<0.0001]. 
As expected, stronger reaction was obtained with higher pulse stimulus intensity. Moreover, the 
interaction of the two factors achieved statistical significance [F(3,96)=20.78, p<0.0001]. Post hoc 
pair-wise comparisons indicated that the low and high groups differed significantly in their startle 
reactivity in all pulse-alone stimulus conditions [all p<0.0001], but they did not differ in their baseline 
reactivity as derived from ns trials [p=0.13] (Fig. 2a). These results indicated that the group 
stratification based upon the startle reactivity in the first session persisted into session 2, and that the 
two groups remained well separated. 
 
Prepulse-elicited reaction (PPER):  A separate ANOVA based on the ln-transformed startle data 
was used to analyse the reactivity obtained on prepulse-alone trials (78 or 86 dBA) and ns trials with 
the repeated measures (within-subject factor) prepulse intensity and the between-subject factor group. 
There was a significant main effect of group [F(1,32)=18.97, p<0.001] and prepulse intensity 
[F(2,64)=11.23, p<0.0001]. Furthermore, their interaction was also significant [F(2,64)=8.92, 
p<0.001] (Fig. 2b). Post hoc pair-wise comparison revealed that the high group’s PPER differed 
significantly from the ns conditions at both prepulse intensities [78 dBA: p<0.05; 86 dBA: p<0.0001]. 
However, this was not the case for the low startle group which showed no significant PPER. The low 
and high groups did not differ significantly in their reaction to the ns stimulus. 
 
 
Figure 2. (a) Startle reactivity (ln-transformed) of the low (n=17) and high (n=17) startle groups obtained in the 
second test session. ‘ns’ refers to 70 dBA background noise.‘*’ indicates significant difference in startle 
reactivity between the two groups based on post hoc analysis performed following significant interaction 
between the factors “group” and “pulse-alone intensity”. (b) Prepulse elicited reactivity (ln-transformed) of the 
low (n=17) and high (n=17) startle groups. ‘*’ indicates significant reactivity above baseline as obtained on the 
ns condition based on post hoc analysis performed following significant interaction between the factors “group” 
and “prepulse intensity”. Error bars refer to ± SEM. 
 
Prepulse inhibition (PPI):  First, PPI as indexed by percent startle reduction (%PPI) was 
compared between the low (n=12) and high (n=17) startle groups by a 2 × 2 × 2 (group × 
pulse intensity × prepulse intensity) repeated measures ANOVA. This analysis revealed 
significant main effects of groups [F(1,27)=4.67; p<0.05], pulse intensity [F(1,32)=6.78; 
p<0.05] and prepulse intensity [F(1,27)=60.88; p<0.0001]. None of the interactions amongst 
these factors reached significance. As illustrated in Figure 3, the low startle group exhibited 
stronger %PPI compared to the high startle group, and the more intense prepulse generated 
stronger %PPI than the weaker prepulse stimulus. Comparison between the two pulse 
intensities showed that %PPI was more prominent in the 105 dBA conditions than in the 115 
dBA conditions. This effect of pulse intensity on %PPI is in agreement with our previous 
demonstration of a monotonic dependency of %PPI on the startle eliciting stimulus intensity 
(Csomor et al. 2006). 
 A subsequent analysis restricted to the 115 dBA conditions, allowing the inclusion of all 
the subjects in the low startle group (n=17), revealed similar results: The respective 2 × 2 
(group × prepulse intensity) repeated measures ANOVA revealed a significant main effect of 
groups [F(1,32)=4.27; p<0.05], with the low group exhibiting stronger %PPI compared to the 
high group [low group: 57.8 ± 5.7% (78 dBA), 73.3 ± 4.9% (86 dBA); high group: 41.1 ± 5.3% 
(78 dBA), 59.4 ± 6.1% (86 dBA)]. Moreover, the more intense (86 dBA) prepulse generated 
stronger PPI than the weaker (78 dBA) prepulse stimulus, leading to a highly significant main 
effect of prepulse intensity [F(1,32)=53.87, p<0.0001]. The interaction between the factor 
group and prepulse stimulus intensity was not significant. 
 
 Figure 3. Percent prepulse inhibition of the low (n=12) and high (n=17) startle groups at four different prepulse-
pulse combinations. Error bars refer to ± SEM. 
 
Analysis of absolute difference score PPI based on the ln-transformed data (PPIabsLN) by a 
2 × 2 × 2 (group × pulse intensity × prepulse intensity) repeated measures ANOVA resulted in 
very similar pattern of results as obtained from the analysis using %PPI. As illustrated in 
Figure 4a, the low startle group showed more prominent PPIabsLN compared to the high group. 
Although the main effect of group just escaped statistical significance [F(1,27)=3.94; p<0.06], 
the main effects of pulse intensity [F(1,27)=10.27; p<0.01] and prepulse intensity 
[F(1,27)=59.68; p<0.0001] were highly significant. The analysis allowing the inclusion of all 
the subjects of the low  group (n=17) by a 2 × 2 (group × prepulse intensity) repeated 
measures ANOVA limited to 115 dBA pulse conditions revealed a significant main effect of 
group [F(1,32)=5.55; p<0.05] and of prepulse intensity [F(1,32)=61.39; p<0.0001], but not of 
the group × prepulse intensity interaction. These results confirmed that the low startle group is 
associated with a higher PPIabsLN score compared to the high group. 
In contrast to the analysis using %PPI and PPIabsLN, the absolute difference score PPI based 
on the non-transformed data (PPIabs) gave a completely opposite picture on the comparison 
 
between the low and high startle groups. The high group exhibited significantly more 
prominent PPIabs compared to the low group. In both analyses, with or without the inclusion 
of the 105 dBA pulse conditions, the main effects of group [P105 & P115: F(1,27)=13.62; 
p<0.001, P115-only: F(1,32)=17.67; p<0.001], prepulse intensity [P105 & P115: 
F(1,27)=34.81; p<0.0001, P115-only: F(1,32)=38.48; p<0.0001] and their interaction [P105 & 
P115: F(1,27)=16.78; p<0.001, P115-only: F(1,32)=16.40; p<0.001], were significant. 
Furthermore, the main effect of pulse stimulus intensity was significant [F(1,27)=8.53; 
p<0.01] in the analysis including the 105 and 115 dBA pulse conditions (Fig. 4b). 
 
 
Figure 4. Absolute difference score PPI from ln-transformed (a) and non-transformed (b) startle data of the low 
(n=12) and high (n=17) startle groups at four different prepulse-pulse combinations. Error bars refer to ± SEM. 
 
It is important to note that although the same statistical factors reached significance as in 
the analysis of %PPI or PPIabsLN, the direction of the group difference was opposite in the 
analysis of PPIabs. The low group exhibited stronger sensorimotor gating when indexed as 
%PPI or PPIabsLN. In contrast, when PPI was expressed as PPIabs the high group exhibited 
stronger PPI. Similarly, opposing conclusions also emerged when the influence of the pulse 
stimulus intensity on PPI was considered. The three indices of PPI only agreed in the 
direction of the prepulse intensity effect. 
 
Correlative analysis: To investigate potential linear relationship between PPI and startle 
reactivity Pearson correlations were performed. The correlations were conducted between 
baseline startle amplitudes derived from session 1 and the various PPI indexations (see 
statistical analysis section). 
PPIabs was significantly correlated with the startle reactivity derived from the first session 
in four out of the six possible prepulse-pulse conditions. In contrast, no significant correlation 
was observed when sensorimotor gating was expressed as %PPI or PPIabsLN (Tab. 2). No 
significant correlations were obtained between PPI and SCL-90 scores or between startle 
amplitudes and SCL-90 scores. 
 
 
 
Analysis of pulse conditions generating comparable baseline startle: To further investigate 
the possible influence of baseline startle reactivity on sensorimotor gating, PPI from stimulus 
conditions in which the low and high groups did not significantly differ in their startle 
reactivity were compared. Visual inspection of the startle data derived from session 1 (Fig. 1) 
suggested that the high group’s startle reactivity towards the 95 dBA pulse was within the 
same range as the low group’s startle reactivity elicited by the 115 dBA pulse. Indeed, an one-
way ANOVA comparing 95 dBA pulse-alone elicited startle reactivity of the high group to the 
 
115 dBA pulse alone elicited startle reaction of the low group did not result in a significant 
group difference [p=0.3]. The corresponding 2 × 2 (group × prepulse intensity) repeated 
measures ANOVA revealed no significant main effect of group either for %PPI, PPIabs or 
PPIabsLN (Tab 3). However, for all three different indices of PPI the main effect of prepulse 
intensity reached significance [%PPI: F(1,31)=12.54, p<0.005; PPIabs: F(1,31)=9.77, p<0.01; 
PPIabsLN: F(1,31)=29.71, p<0.0001], thus more intense prepulse stimuli consistently generated 
stronger PPI across all three indices. 
 
 
 
SUMMARY EXPERIMENT 1 
The results from experiment 1 conducted in healthy human volunteers have shown that the 
three methods of PPI indexation were significantly affected by differences in the magnitude of 
the baseline startle reaction. While %PPI and PPIabsLN, despite the lack of a significant 
correlation with baseline startle amplitude, were more prominent in the group exhibiting low 
startle reaction, PPIabs was more pronounced in the group exhibiting high startle reaction. In 
addition, PPIabs was the only method of PPI indexation which was significantly correlated 
with startle reactivity. Importantly, when pulse stimulus conditions between the two groups 
were compared, so that the groups did not significantly differ in their startle reactivity, also 
the significant between group differences in PPI vanished, regardless of the method used to 
index PPI. 
To verify this conclusion, a similar analysis was conducted in a data set derived from an 
earlier study (Yee et al. 2005) conducted in inbred C57BL/6 mice (experiment 2). 
 
 
 
 
 
 
 
EXPERIMENT 2 (Mice) 
METHODS AND MATERIALS 
The animal data were derived from a previously published study investigating the effect of 
pulse- and prepulse stimulus intensity on PPI in a homogenous set of experimental naïve male 
C57BL/6 mice without any treatment (Yee et al. 2005). The data are re-analysed here in order 
to parallel the analysis of experiment 1 conducted in human volunteers. Details of the mice, 
session definition and recording procedures have been described in details elsewhere (Yee et 
al. 2005). Briefly, 102 experimentally naive adult C57BL/6 mice were obtained from Charles 
River Laboratories (Germany). They were kept under a reversed 12 h:12 h light–dark cycle, 
maintained on an ad lib diet throughout the entire experiment. They had been acclimatized to 
the laboratory housing condition for two weeks before behavioural testing began. All tests 
were conducted in the dark phase of the light–dark cycle. The Cantonal Veterinary Authority 
of Zurich had approved all manipulations reported here. 
 Whole-body startle response was measured using four commercially available startle 
chambers for mice (SR-LAB, San Diego Instruments, San Diego, CA, USA). Vibrations of 
the plexiglas enclosure caused by the whole-body startle response of the animal were 
converted into analogue signals by a piezoelectric unit attached to the platform. These signals 
were digitized and stored by a computer. A total of 130 readings were taken at 0.5-ms 
intervals (i.e., spanning across 65 ms), starting at the onset of the startle stimulus in pulse-
alone and prepulse-pulse trials, and at the onset of the prepulse stimulus in prepulse-alone 
trials. The average amplitude (in arbitrary units) over the 65 ms was used to determine the 
stimulus reactivity. 
 The test session was composed of a mixture of pulse-alone trials, prepulse-pulse trials, 
prepulse-alone trials, and ns trials. All stimuli and the background noise consisted of 
broadband white noise and were presented by a high-frequency loudspeaker mounted directly 
above the animal enclosure. The background noise was set at 65 dBA. Three different 
intensities of pulse (100, 110 and 120 dBA) and three intensities of prepulse stimuli (71, 77 
and 83 dBA) were employed. All pulses were 40 ms in duration, and all prepulses were of 20 
ms duration. Rise and fall time of the stimuli were less than 1 ms. The SOA between the 
prepulse and pulse stimuli on prepulse-pulse trials was 100 ms. The session began with a 2-
min period of acclimatization to the background noise. The first six trials consisted of pulse-
alone trials, comprising two trials of each of the three possible pulse intensities. These trials 
served to habituate and stabilise the animals’ startle response, and were not included in the 
analysis. Subsequently, the animals were presented with ten blocks of discrete test trials. Each 
 
block consisted of the following: three pulse-alone trials (100, 110 or 120 dBA), three 
prepulse-alone trials (71, 77 and 83 dBA), and the nine possible combinations of prepulse-
pulse trials, and one ns-trial. The 16 discrete trials within each block were presented in a 
pseudorandom order, with a variable ITI of a mean of 15 s. 
 
Statistical Analysis 
Animals were subdivided into three groups of equal size (n=34) according to their average 
startle reaction on all pulse-alone trials (100, 110 or 120 dBA). The distribution of the startle 
data in all stimulus conditions was highly positively skewed and this was further accompanied 
by a significant heterogeneity of variance. Therefore, the startle data was ln-transformed, 
which normalized the distribution of the data set. Similarly as described for experiment 1, the 
middle group was excluded from subsequent between-group analyses. The two groups’ mean 
startle reaction (in arbitrary units, [AU]) averaged across all three pulse intensities was: 3.94 ± 
0.07 AU (non-transformed: 39.51 ± 1.47 AU) and 4.53 ± 0.08 AU (non-transformed: 117.62 
± 5.02 AU), respectively. 
 
Pulse-alone elicited reaction: The mean startle reactivity (ln-transformed) to each of the 
three pulse stimulus intensities and to the ns trials was calculated for each animal and 
subjected to a repeated measures ANOVA with four levels of pulse stimulus intensities (ns, 
100, 110, 120 dBA) as described before in experiment 1. 
 
Prepulse inhibition (PPI):   The different methods of PPI indexation are identical to 
those described for experiment 1. Analysis of %PPI and absolute difference score PPI was 
conducted by a 2 × 3 × 3 (group × pulse intensity × prepulse intensity) repeated measures 
ANOVA, separately for the three different PPI indices (%PPI, PPIabs, PPIabsLN). 
Possible linear relationships between a PPI index and startle reactivity were investigated by 
Pearson correlations similarly as described in experiment 1. However, since only one 
experimental session was conducted in mice, startle amplitudes and PPI derived from the 
same test session were correlated. 
Due to the high number of correlations performed between startle and PPI index (in total 
27), the significance level for Pearson correlations was set to p<0.001. For the other statistical 
tests the significance level was set to p<0.05. 
 
 
RESULTS 
Pulse-alone reactivity: As expected due to the splitting of the animals according to their 
startle reaction, the 2 × 4 (group × stimulus conditions) repeated measures ANOVA including 
the pulse-alone conditions of 100, 110, 120 dBA and the ns condition resulted in a highly 
significant main effect of group [F(1,66)=119.54, p<0.0001] (Fig. 5). Moreover, stronger 
reaction was elicited by more intense pulse stimulus [main effect of stimulus intensity: 
F(3,198)=719.16, p<0.0001]. Furthermore, the interaction between the factors group and 
stimulus conditions turned out to be significant [F(3,96)=35.97, p<0.0001]. Post hoc pair-wise 
comparisons indicated that the low and high group differed significantly in all stimulus 
conditions [all p<0.0001], except in the ns trials [p=0.14] (Fig. 5). 
 
 
Figure 5. Startle reactivity (ln-transformed) of the low (n=34) and high (n=34) startle groups obtained in 
experiment 2 conducted in mice. ‘ns’ refers to 65 dBA background noise. ‘*’ indicates significant difference in 
startle reactivity between the two groups based on post hoc analysis performed following significant interaction 
between the factors “group” and “pulse-alone intensity”. Error bars refer to ± SEM. 
 
Prepulse inhibition: PPI as indexed by percent startle reduction (%PPI) was subjected to a 
2 × 3 × 3 (group × pulse intensity × prepulse intensity) repeated measures ANOVA. Main 
effects of group [F(1,66)=7.49; p<0.01], pulse stimulus intensity [F(2,132)=11.79; p<0.0001] 
and prepulse stimulus intensity [F(2,132)=8.42; p<0.001] were significant. %PPI increased 
 
with rising prepulse stimulus intensity and was more prominent in the lowest (100 dBA) pulse 
intensity condition than in the middle (110 dBA) and high (120 dBA) condition. Moreover, the 
interaction between the factors group and pulse stimulus intensity reached significance 
[F(2,132)=8.42; p<0.001]. Post hoc pair-wise comparison on this interaction revealed that the 
low startle group exhibited significantly higher %PPI in the 110 dBA [p<0.0001] and 120 dBA 
[p<0.01] pulse intensity conditions, while there was no difference between the two groups at 
the lowest (100 dBA) pulse condition (Fig. 6). 
 
 
Figure 6. Percent prepulse inhibition of the low (n=34) and high (n=34) startle groups in mice at nine different 
prepulse-pulse combinations. Error bars refer to ± SEM. 
 
Again, as was seen in experiment 1, the analysis of PPIabsLN yielded very similar 
conclusions in comparison to the analysis based on %PPI. The low group exhibited enhanced 
PPIabsLN compared to the high group [main effect of group: F(1,66)=5.40; p<0.05], PPI 
increased with rising prepulse stimulus intensity [main effect of prepulse intensity: 
F(2,132)=124.00; p<0.0001], and decreased with rising pulse stimulus intensity [main effect 
of pulse intensity: F(2,132)=18.24; p<0.0001] (Fig. 7a). 
 
In parallel to experiment 1, the analysis of PPIabs yielded a completely opposite conclusion 
compared to %PPI and PPIabsLN. According to this PPI index, the high startle group exhibited 
substantially more PPI than did the low startle group [main effect of group: F(1,66)=44.53; 
p<0.0001] (Fig. 7b). While PPIabs was still increasing with rising prepulse stimulus intensity 
[main effect of prepulse intensity: F(2,132)=113.83; p<0.0001], PPIabs also increased as a 
function of pulse stimulus intensity [main effect of pulse intensity: F(2,132)=49.29; 
p<0.0001]. 
 
 Figure 7. Absolute difference score PPI from ln-transformed (a) and non-transformed (b) startle data of the low 
(n=34) and high (n=34) startle groups in mice at nine different prepulse-pulse combinations. Error bars refer to ± 
SEM. 
 
PPIabs was significantly correlated with startle reactivity in all nine PPI conditions. In 
contrast, no significant correlation was observed when sensorimotor gating was expressed as 
%PPI and only two correlations reached significance when PPI was expressed as PPIabsLN 
(Tab. 4). 
 
 
 
SUMMARY EXPERIMENT 2 
The results from this experiment conducted in mice were in perfect agreement with the 
findings derived from the human experiment. The same between-groups differences with 
respect to the various indexations of PPI were found to be significant, although in contrast to 
experiment 1 baseline startle reactivity and PPI were assessed within the same test session. 
Therefore, the present findings provided further support to the translational power of the PPI 
paradigm between human and rodent research regarding a major parameter, namely baseline 
startle reactivity. 
 
DISCUSSION 
The present study demonstrated a dependency of PPI on the level of the baseline startle 
reactivity in healthy human volunteers and in mice, regardless of the methods used to index 
PPI. Both, PPI expressed as percent reduction of the startle reaction and indexed as absolute 
difference score were affected by the magnitude of the baseline startle reactivity. %PPI and 
absolute difference score PPI based on ln-transformed (and therefore normally distributed) 
startle data both indicated stronger PPI in the group exhibiting lower baseline startle 
reactivity. In contrast, when absolute difference score PPI was calculated from non-
transformed (and therefore positively skewed) startle data, the group exhibiting higher startle 
showed a more prominent PPI effect. Another clear divergence between the different methods 
of PPI indexation reflected their linear relationship with the baseline startle magnitude; while 
%PPI and PPIabsLN were weakly or not correlated with startle reactivity, PPIabs was strongly 
and positively correlated with the magnitude of the baseline startle reaction. These results 
were largely in agreement between human and animal data confirming the translational nature 
 
of PPI. If pulse stimulus conditions between the low and the high group were compared, so 
that the two groups did not significantly differ in their startle reactivity, the significant 
difference between groups in PPI vanished, regardless of the methods used to index PPI. 
 
Percent measures: Correcting for imbalance between groups at baseline? 
To disentangle the magnitude of PPI from variability in baseline startle reactivity 
researchers often quantify sensorimotor gating as a ratio between startle amplitude elicited in 
prepulse-pulse trials and pulse-alone trials (Blumenthal et al. 2004), commonly expressed as 
%PPI. Indeed, it has been emphasized that %PPI is relatively insensitive to divergent startle 
reactivity between groups (Ison et al. 1997) and the correlational relationship to startle 
reactivity is very weak even when attaining statistical significance (Blumenthal et al. 2004; 
Ison et al. 1997; Yee et al. 2005). However, although there were also no such significant 
correlations found in the present study, the high and low startle groups differed significantly 
on %PPI in the human as well as in the animal experiments. Moreover, this finding is in line 
with our previous publications showing a dependency of the startle eliciting stimulus intensity 
on %PPI in humans (Csomor et al. 2006) and rodents (Yee et al. 2005). Also in the present 
report, pulse-alone stimulus intensity was inversely related to %PPI, implying that under low 
startle eliciting stimulus intensity (95 dBA) the magnitude of %PPI generated by the same 
prepulse was more prominent than under high (115 dBA) pulse stimulus intensity in humans. 
The same dependency was revealed in experiment 2 conducted in mice, where %PPI was 
lower in the 120 dBA conditions than in the 110 or 100 dBA conditions. In agreement with our 
observation that reduced startle amplitude is accompanied by enhanced %PPI, Hince and 
Martin-Iverson (2005) found that %PPI appeared to be affected by startle reactivity in two rat 
strains differing in the magnitude of the startle reaction. The rat strain which exhibited lower 
startle reactivity showed higher levels of %PPI. It can be concluded that percent change from 
baseline startle reactivity does not necessarily correct for imbalance between groups at 
baseline (also see Vickers 2001). 
 
To systematically investigate the influence of baseline startle reactivity on PPI the sole 
criterion for the formation of two groups was based on the subject’s baseline startle reaction 
itself. However, significant differences in startle reactivity caused by the treatment of interest 
or severely altered in the patient group under investigation can be readily found within 
existing PPI literature. Numerous publications report an enhancement of %PPI along with a 
reduction of startle amplitude, or an attenuation of %PPI accompanied by an increase in 
 
startle reactivity. For example, patients with panic disorder (Ludewig et al. 2005) or autism 
(Perry et al. 2007) showed deficient %PPI while exhibiting enhanced startle reactivity. 
Furthermore, both, clozapine (Vollenweider et al. 2006) and S-ketamine (Abel et al. 2003; 
Duncan et al. 2001; Heekeren et al. 2007) reduced startle in healthy volunteers while at the 
same time enhanced %PPI. Heekeren et al. (2007) correctly concluded that the dramatic 
reduction in startle reactivity triggered by S-ketamine might have contributed to the 
enhancement of %PPI. Similarly, Yee et al. (2004) also speculated that the significant 
disrupting effect of amphetamine on %PPI in mice might represent an artefact intrinsic to the 
calculation of the percentage measure due to an elevation in baseline startle reactivity caused 
by the drug treatment. Also factors such as age (Ellwanger et al. 2003) and gender (Aasen et 
al. 2005) that have been shown to influence pulse-alone startle reactivity, have been reported 
to affect %PPI. Maslova et al. (2002) reported attenuated baseline startle accompanied with 
higher levels of %PPI in ISIAH rats compared to Wistar rats. Similarly, Brattleboro rats that 
were deficient in %PPI in comparison to Long Evans rats showed in parallel enhanced 
baseline startle reactivity (Feifel and Priebe 2001). However, it should be noted that many 
publications also report a significant difference in %PPI within psychiatric conditions in the 
absence of a significant startle difference or a modification of %PPI by treatments that do not 
alter the magnitude of the startle amplitude. Most importantly, deficient PPI in schizophrenia 
spectrum disorders, the most prominent domain of PPI research, seems not to be associated 
with a significant and consistent change in baseline startle reaction (but also see Ludewig et 
al. 2003). Nevertheless, the present report is aimed at stressing the importance of a critical 
evaluation of the data, whenever changes in sensorimotor gating (expressed in %PPI) are 
confounded by a substantial variability in baseline startle amplitude, and that the use of a 
percent measure does not necessarily correct for such an imbalance at baseline. 
 
Baseline startle reaction as a covariate: The use of ANCOVA for a second screening 
ANCOVA with the baseline startle amplitude serving as the covariate seems an obvious 
solution to take into account of startle difference between groups (Aasen et al. 2005; Duncan 
et al. 2003; Frankland et al. 2004; Vollenweider et al. 2006; Weike et al. 2000; Yee et al. 
2004). However, the use of ANCOVA for this purpose may not be entirely appropriate: 
ANCOVA assumes the absence of a significant baseline difference of the covariate between 
the groups under comparison. According to Chapman and Chapman (1973), the use of 
ANCOVA is only legitimate for reducing variability of scores in groups that vary randomly 
and its use is invalid for pre-existing disparate groups that differ on the variable to be covaried 
 
out. These facts are not widely recognized in the psychopathology literature and as a 
consequence ANCOVA is very often misused (Miller and Chapman 2001). The most 
dramatic demonstration of such an abuse of ANCOVA when it comes to the correction of 
baseline differences between groups is known as Lord’s Paradox (1967). Lord described a 
situation where males and females were weighed twice at time points one year apart. 
Although males had a significantly higher body weight at time 1, both groups gained an 
identical amount of weight over the one year period. When ANCOVA with the baseline 
weight serving as the covariate was used to analyze differences in weight gain between the 
two groups, males with the higher baseline weight, were found to increase more than females. 
However, as the absolute amount of weight gain was identical between the two groups, this 
outcome is labelled as Lord’s Paradox. However, there is a conceptual difference between the 
use of ANCOVA in the case of Lord’s Paradox and its use in most of the PPI literature. In the 
situation of Lord’s Paradox, the ANCOVA results in a significant group difference in spite of 
the fact that both groups gain the same absolute amount of weight, thus producing what may 
be considered as a Type I error. In the PPI literature, ANCOVA with baseline startle 
amplitude often serves the purpose of a second screening of the results in the presence of an 
already existing significant group difference as indicated by a preceding ANOVA on %PPI. If 
groups under investigation still significantly differ using the ANCOVA approach, it is argued 
that one can conclude that the significant group difference in %PPI cannot be solely attributed 
to pre-existing divergent baseline startle amplitude between groups. When applied to the data 
here, ANCOVA with the baseline startle amplitude or AUC derived from session 1 serving as 
a covariate resulted in the absence of a significant difference in %PPI between the low and 
high startle group. This result is in agreement with the statistical outcome when the significant 
divergence in startle reactivity between the groups was eliminated by a comparison between 
the 95 dBA PPI conditions in the high startlers to the 115 dBA conditions in low startle group. 
In conclusion, although the use of ANCOVA here is not entirely in line with its original 
purpose because one cannot assume the absence of a significant baseline difference in the 
covariate, it could be used as a second screening to verify the results derived from a preceding 
ANOVA on %PPI. 
 
Absolute difference score PPI: The problem of skewed distributions 
Braff et al. (2001b) stated that both percent and difference scores have their appropriate 
uses, and can be utilized together to obtain a full assessment of PPI. Similarly, Schwarzkopf 
and coworkers (1993) concluded that %PPI and PPI based on the absolute difference score 
 
may provide complementary information. These statements are questionable in view of the 
present results. Absolute difference score PPI and %PPI led to opposite conclusions and thus 
complicated rather than simplified the interpretation of the data; while %PPI was more 
prominent in the low startle group, PPIabs was more pronounced in the group exhibiting high 
baseline startle reactivity. How should one decide what to conclude and report under such 
circumstances? 
It is widely recognized that the distribution of raw startle amplitudes is positively skewed. 
The skewed distribution of startle amplitudes is the consequence of mean values being 
relatively low in comparison to the variance, and the fact that the values cannot be negative. 
As stated in the method section such deviations from normality not only violate an 
assumption of parametric ANOVA, but can also considerably reduce the statistical power of 
the F-test. But the issue of a skewed distribution becomes a critical problem in the calculation 
of absolute difference scores from baseline under the presence of a baseline difference 
between groups. With a skewed distribution, it has been shown that the amount of change is 
dependent on the baseline level: With a positively skewed distribution, higher scores change 
more than lower scores and in the situation of a negatively skewed distribution, the opposite 
occurs. In other words, values in the tail of a skewed distribution change more than scores in 
the head of the distribution (Jamieson 1999) (Fig. 8). As a consequence, two groups differing 
in baseline startle amplitude can be expected to change differently, simply due to the 
skewness of the startle measures distribution. That the absolute change of startle amplitude is 
a function of the baseline startle is in line with the significant correlations between PPIabs and 
startle amplitude elicited by pulse-alone stimuli. Often these correlations account for a large 
proportion of the variance (Blumenthal et al. 2004; Ison et al. 1997; Schwarzkopf et al. 1993). 
Regarding the results of the present study, it can be safely concluded that PPIabs is 
considerably biased by group difference in baseline startle amplitude. The results that the high 
startle group, in the human as well as in the animal experiment, exhibited significantly more 
absolute difference score PPI is actually entirely predicted by the startle data distribution. 
 
 
 Figure 8. Positively skewed distributions as commonly observed in startle data (solid line: pulse-alone startle 
distribution; dotted line: prepulse-pulse startle distribution). Skewed distributions change shape as the mean 
changes. Values near the tail of the distribution (A1, A2) will change more than values near the middle (B1, B2). 
 
A possible solution to overcome the biasing effect of the skewed distribution is simply to 
apply an appropriate non-linear transformation to correct for the skewed distribution and then 
subsequently apply the difference score measure on the transformed values. ln the present 
study, normal distribution of the startle data has been achieved by applying a ln-
transformation. However, the difference between the low and high startle groups did not 
vanish when PPI was indexed as absolute difference score from the transformed startle data. 
Indeed, after “purifying” the data from the biasing effect of the positively skewed distribution, 
the low startle group showed enhanced PPI compared to the high startle group, a statistical 
outcome very similar to that based on the %PPI analysis. This can be explained by the fact 
that the difference between two ln-transformed values reflects the ln of the ratio between the 
two values, i.e. ln(Amplitudepulse-alone) - ln(Amplitudeprepulse-pulse) = ln(Amplitudepulse-alone / 
Amplitudeprepulse-pulse). Hence, the PPIabsLN reflects a transformed expression of relative PPI, 
conceptually similar to the %PPI measure. As a consequence, the statistical outcome between 
%PPI and PPIabsLN is very much in agreement with each other. In sum, it can be concluded 
that it is of principal importance to transform the startle data into a normal distribution before 
the calculation of absolute difference score PPI, as this method of PPI indexation is highly 
susceptible to biases due to a skewed data distribution. 
 
 
Recommendations: 
The present study puts forward that the analysis of PPI data and the interpretation of the 
results need special care, especially if the groups under investigation differ in their reactivity 
to pulse-alone stimuli. As a rule of thumb investigators should first of all examine the 
distribution of the raw startle data and of the %PPI data. If startle data follow a skewed 
distribution, which is very likely, it is of great importance to apply a transformation such that 
the startle data conforms more closely to the normality assumption. Absolute difference score 
PPI should then be calculated exclusively from normally distributed (i.e. transformed) startle 
data set otherwise the results would be heavily biased by the skewed distribution. ANCOVA 
with the baseline startle amplitude serving as the covariate should be used only as a second 
screening if the initial ANOVA revealed a significant difference between groups under 
comparison. An ANCOVA in the case of no significant group differences (as derived from a 
preceding ANOVA) in the presence of a significant difference in respect to the covariate 
between the groups under comparison should be avoided due to possible inflation of Type I 
error rate. 
 
It has long been recognized by previous researchers that differences in baseline startle 
reactivity can complicate or confound the interpretation data, and that it is desirable to 
overcome such differences (Hoffman and Searle 1968, 1965). To take into account of 
individual variability in startle reactivity, first the startle threshold of each subject was 
determined and then the stimulus intensity of the succeeding experiment was defined with 
respect to an individuals’ threshold. This procedure ensured that the pulse stimulus would 
generate similar levels of reactivity in all subjects. However, this approach has largely been 
discontinued, with the majority of experimental investigations in the PPI literature relying on 
a single “standardized” pulse intensity for all subjects. However, the early method of 
“titration” would require considerable effort and is hardly feasible in studies involving 
patients or various pharmacological challenges. Importantly, the present findings reinforce 
our earlier suggestion (Csomor et al. 2005; Yee et al. 2005) to incorporate pulse stimulus 
intensity as a meaningful parametric variable in addition to prepulse intensity and prepulse-
pulse lead intervals that are more commonly included in both human and animal PPI research. 
As we stated in our previous study conducted in mice (Yee et al. 2005), we highly 
recommend, as a compromise to the above mentioned “titration method”, a PPI session design 
with multiple pulse intensities as adopted here. This would have the potential to enhance the 
interpretability of the data and the consistency between studies, especially in the presence of 
 
divergent baseline startle reactivity between groups or caused by pharmacological 
interventions. 
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